Magnetic anisotropies of epitaxial ultrathin iron films grown on the surface-reconstructed GaAs substrate were studied. Ferromagnetic resonance technique was exploited to determine magnetic parameters of the films in the temperature range of 4 -300 K. Extraordinary angular dependence of the FMR spectra was explained by the presence of fourfold and twofold in-plane anisotropies. A strong in-plane uniaxial anisotropy with magnetic hard axis along the ͓110͔ crystallographic direction is present at the GaAs/ Fe͑001͒ interface while a weak in-plane uniaxial anisotropy for the Fe grown on Au has its easy axis oriented along ͓110͔. A linear dependence of the magnetic anisotropies as a function of temperature suggests that the strength of the in-plane uniaxial anisotropy is affected by the magnetoelastic anisotropies and differential thermal expansion of contacting materials.
I. INTRODUCTION
The interest in ultrathin magnetic multilayers has been steadily increasing since they are building blocks in spintronics applications such as data storage devices and magnetic random access memories. The magnetic anisotropies of thin films are of crucial importance in understanding the physics of magnetic nanostructures. Ferromagnetic resonance ͑FMR͒ is a very accurate and straightforward technique, allowing one to determine magnetic anisotropy fields of ultrathin magnetic films. 1, 2 In this paper, we study the magnetic anisotropies in single GaAs/15Fe/20Au͑001͒, GaAs/15Fe/20Cr͑001͒, GaAs/16Fe/9Pd/20Au͑001͒, and double GaAs/ 15Fe/ Au/ 40Fe/ 20Au͑001͒ iron layer structures grown on the surfacereconstructed GaAs͑001͒ single-crystalline substrate wafers. The integers represent the number of atomic layers. It will be shown that the interface-induced anisotropies can be used to tailor the overall magnetic properties of ultrathin film structures. In our FMR experiments, we observed unconventional triple-mode FMR spectra allowing one to discriminate between various in-plane magnetic anisotropies. Computer fitting of the angular and frequency dependent FMR spectra in the temperature range of 4 -300 K allowed us to determine the cubic, uniaxial, and perpendicular components of the magnetic anisotropies and establish directions of the easy and hard axes in the individual layer͑s͒. The magnetic anisotropies are discussed in terms of the interface and bulk anisotropies including magnetoelastic energy arising due to the lattice mismatch and differential thermal expansion of the metallic materials employed in these structures.
II. SAMPLE PREPARATION

Single
20Au/ 15/ Fe/ GaAs͑001͒, 30Au/ 15Fe/ GaAs͑001͒, 20Cr/ 15Fe/ GaAs͑001͒, 20Au/ 9Pd/ 16Fe/ GaAs͑001͒, and double 20Au/ 40Fe/ 40Au/ 15Fe/ GaAs͑001͒ iron layer ultrathin film structures were prepared by molecular beam epitaxy ͑MBE͒ on ͑4 ϫ 6͒ reconstructed GaAs͑001͒ substrates. The integers represent the number of atomic layers. A brief description of the sample preparation procedure is as follows. The GaAs͑001͒ single-crystalline wafers were sputtered under grazing incidence using 600 eV argon-ion gun to remove native oxides and carbon contaminations. Substrates were rotated around their normal during sputtering. After sputtering the GaAs substrates were annealed at approximately 580-600°C and monitored by means of reflection high energy electron diffraction ͑RHEED͒ until a well-ordered ͑4 ϫ 6͒ reconstruction appeared. 3 The ͑4 ϫ 6͒ reconstruction consists of ͑1 ϫ 6͒ and ͑4 ϫ 2͒ domains: the ͑1 ϫ 6͒ domain is As-rich, while the ͑4 ϫ 2͒ domain is Ga rich.
The Fe films were deposited directly on the GaAs͑001͒ substrate at room temperature from a resistively heated piece of Fe at the base pressure of 1 ϫ 10 −10 Torr. The film thickness was monitored by a quartz crystal microbalance and by means of RHEED intensity oscillations. The deposition rate was adjusted at about 1 ML ͑monolayer͒/min. The gold layer was evaporated at room temperature at the deposition rate of about 1 ML/ min. The RHEED oscillations were visible for up to 30 atomic layers. Films under study were covered by a 20-ML-thick Au͑001͒ or Cr cap layer for protection in ambient conditions. More details of the sample preparation are given in Ref. 3 .
III. MODEL AND BASIC FORMULAS FOR FERROMAGNETIC RESONANCE
The FMR data are analyzed using the free energy expansion similar to that employed in Ref. 4 ,
The first term is the Zeeman energy in the external dc magnetic field, the second term is the demagnetization energy term including the effective perpendicular uniaxial anisotropy, the third term is the cubic anisotropy energy, and the last term is the in-plane uniaxial anisotropy energy with the symmetry axis along the ͓110͔ crystallographic direction.
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␣ i 's represent the directional cosines 6 of the magnetization vector M with respect to the crystallographic axes ͓͑100͔, ͓010͔ and ͓001͔͒ of the Fe͑001͒ film ͓or GaAs͑001͒ substrate͔, and M 0 is the saturation magnetization. The relative orientation of the reference axes, sample sketch, and various vectors relevant in the problem are given in Fig. 1 . The FMR condition is obtained by using a well known equation,
The effective magnetization M eff includes contribution from the perpendicular anisotropy:
The anisotropy fields are defined as follows:
The angle ͓110͔ = / 4 is the angle between the easy direction of the cubic and hard axes of the uniaxial anisotropy.
For the out-of-plane FMR, the azimuthal angle H is fixed either at H =3 /4 ͓easy axis, i.e., the dc magnetic field was rotated in the ͑110͒ plane͔ or H = /4 ͓hard axis, i.e., the dc magnetic field was rotated in the ͑110͒ plane͔, while the polar angle H was varied from zero to / 2. The polar and azimuthal angles of the magnetization were obtained from the static equilibrium condition corresponding to the minimum free energy of the system. The set of equations for the out-of-plane measurements from the easy axis direction reads 
IV. EXPERIMENTAL RESULTS
A. General measurement procedure
FMR measurements were carried out using a commercial Bruker EMX X-band ESR spectrometer equipped by an electromagnet which provides a dc magnetic field up to 22 kG in the horizontal plane. The FMR measurements were carried out in the range of 9.5 GHz. A small amplitude modulation of the dc field is employed to increase the signal to noise ratio. The field-derivative absorption signal was recorded in the temperature range of 4 -300 K. An Oxford Instruments continuous helium-gas flow cryostat was used for cooling. The temperature was controlled by a commercial LakeShore 340 temperature-control system. A goniometer was used to rotate the sample around the sample holder in the cryostat tube. The sample holder was perpendicular to the dc magnetic field and parallel to the microwave magnetic field. The samples were placed on the sample holder in two different configurations. For the in-plane angular studies, the film was attached horizontally at the bottom edge of the sample holder. During rotation, the normal to the film plane remained parallel to the microwave field, but the external dc magnetic pointed along different directions with respect to the sample axes. This geometry is not conventional and gives an admixture of the in-and out-of-phase rf susceptibility components. Symmetric FMR peaks were obtained in conventional geometry in which the dc and microwave magnetic fields are always in the film plane. Some FMR measurements were done in conventional geometry which have shown that the FMR fields obtained in unconventional geometry do not differ from those obtained in conventional geometry. For the out-of-plane FMR measurements, the samples were attached to a flat platform which was cut with the normal perpendicular to the sample holder. Upon rotation of the sample holder, the microwave component of the field remained always in the sample plane, whereas the dc field was rotated from the sample plane toward the film normal.
B. FMR in the single ferromagnetic layer samples
In-plane FMR measurements
For sample 20Au/ 15Fe/ GaAs͑001͒, Fig. 2͑a͒ illustrates the temperature dependence of the in-plane FMR spectra for the dc magnetic field H ʈ ͓110͔. A single and relatively narrow FMR signal was observed at very low magnetic fields in the entire temperature range. Starting from 300 K, the resonance field steadily shifted from ϳ320 down to about 150 G at 5 K. The FMR linewidth increased with decreasing temperature.
Contrarily, the measurements along the ͓110͔ direction have shown that the in-plane FMR spectrum unexpectedly consists of three signals ͓labeled by P 1 , P 2 , and P 3 , Fig.  2͑b͔͒ . As far as we know, it is a unique observation. Usually, a single resonance or two resonance peaks are expected from ultrathin-film ͑15 ML͒ ferromagnetic layers ͑see, for example, Refs. 8-11 and also in Ref. 2, Figs. 2 and 3͒. Spinwave modes in ultrathin films are not observable in this frequency range. The temperature evolution of the FMR spectrum along the ͓110͔ direction is shown in Fig. 2͑b͒ .
These three peaks were present in the entire temperature range. The high-field signal has largest intensity at all temperatures. At room temperature ͑RT͒, the two low-field peaks overlapped and merged into the single, somewhat distorted FMR line. With decreasing temperature, the low-field signal separated into two signals, see Fig. 2͑b͒ . The high-field signal shifted gradually to higher fields upon lowering the temperature. At T =4-5 K, the splitting of the FMR peaks reached ϳ1700 G. Notice that the high-field mode for H ʈ ͓110͔ shifted in the opposite direction to the spectrum in the H ʈ ͓110͔ direction. This suggests that the easy magnetic axis is along the ͓110͔ crystallographic direction, and ͓110͔ is the hard magnetic axis.
The detailed study of magnetic anisotropies was carried out by rotating the dc magnetic field in the plane of the film. The angular dependence of FMR at RT is shown in Fig. 3 . The number of absorption peaks was clearly varied with the in-plane angle of the dc field. The intensity of the FMR signals was also angular dependent. The overall angular periodicity is 180°. This implies that the sample has at least uniaxial in-plane symmetry. The unusual three-component FMR spectra require an additional anisotropy. It will be shown that the cubic anisotropy of Fe was needed to obtain the observed three-peak FMR spectra. The magnetic anisotropies obtained by FMR are sometimes frequency dependent. 12 In order to check this point, the FMR measurements were also carried out in the frequency range of 9 -36 GHz at RT using our high-frequency extension modules. The right-hand-side inset in Fig. 3 shows the angular variation of the in-plane resonance field measured at 24 GHz. The left-hand-side inset shows the FMR field as a function of microwave frequency. A nearly parabolic dependence on the microwave frequency clearly indicates that the perpendicular anisotropy field ͑4M eff ͒ is larger than the internal anisotropy fields in this frequency region. The anisotropy fields were found independent of the microwave frequency.
Computer fitting of the FMR data for the 20Au/ 15Fe/ GaAs͑001͒ allows one to determine the in-plane magnetic anisotropies. The results of this fitting are dis- The observed three FMR peaks in the vicinity of the magnetic hard axis are the consequence of competition between the cubic and uniaxial anisotropies with different directions of the easy axis. In zero dc field, the magnetization is along the axis corresponding to the minimum of energy. For ͉K u ͉ Ͼ K 1 , the easy axis is along the ͓110͔ direction. By applying an external field along the hard axis ͓110͔, the magnetization started to rotate toward the closest ͓100͔ axis ͑the easy axis of the fourfold anisotropy͒ and consequently the uniaxial anisotropy decreased its energy, but the fourfold anisotropy and Zeeman energies got their contributions increased. The presence of three resonant peaks along the hard magnetic axis indicates that the competition between the uniaxial and fourfold anisotropies first results in an increase of the precessional frequency of FMR with increasing applied field, but the precessional frequency eventually reaches a maximum, res , and decreases when the magnetization is gradually rotated to the hard axis, see Fig. 4 . When the magnetic moment is eventually aligned along the hard axis, then at that point the internal field is zero and consequently the precessional frequency is zero. The system becomes magnetically soft. The initial increase in the precessional frequency with increasing field is obvious from the right inset of Fig. 3 . The resonant field corresponding to the magnetic moment oriented along ͓110͔ is higher than that required for the magnetic moment oriented along the ͓100͔ axis. This means that the precessional frequency along the easy axis   FIG. 3 . In-plane angular dependence of FMR spectra for the 20Au/ 15Fe/ GaAs͑001͒ sample at room temperature and = 9.497 GHz. Here and in Figs. 5 and 7 , the zero of the in-plane angle is shifted to the ͓010͔ axis to bring the ͓110͔ hard-axis feature to the middle of the figure. Notice that the three FMR peaks are resolved for a narrow range of angles around the hard magnetic axis. Right-hand-side inset, the same angular dependence for 24 GHz, and left-hand-side inset, the frequency dependence of the resonance field measured for the easy ͑lower͒ and hard ͑upper͒ directions, respectively.
FIG. 4.
Dependence of the magnetization angle on the applied magnetic field for the 20Au/ 15Fe/ GaAs͑001͒ sample at room temperature and = 9.497 GHz. The curve was drawn for the in-plane angle for the magnetic field H = 45°. The curve labeled by "1" is the magnetization angle with respect to the easy axis ͓100͔ ͑corresponds to = 135°͒, while the curve labeled by "2" is the angle of magnetization with respect to the magnetic field applied at H = 45°.
͓110͔ is lower than that along the ͓100͔ direction. In a narrow angle range, three resonant peaks can be observed, see Fig. 3 along the vertical dash line. The three peaks were observed when the angle between the magnetization and the ͓100͔ axis was in the range of 105°-60°. The third peak, corresponding to the critical microwave resonant frequency, disappeared when the angle of the magnetization was very close to 90°t hat corresponds to the cubic axis located between the easy ͓110͔ and hard ͓110͔ magnetic axes, see Fig. 4 .
Out-of-plane FMR measurements
We have also made complementary out-of-plane FMR measurements when the dc magnetic field was rotated from the hard ͓110͔ axis in the film plane toward the normal direction to the film plane. The angular dependence of the FMR field as a function of the polar angle is shown in Fig. 5 by open squares and triangles. As expected, double-peak FMR spectra are observed for this geometry. The separation between the two modes steadily increases with approaching the film normal. The simultaneous fitting of the in-and outof-plane angular dependencies of the FMR spectra allow one to determine precisely the strength of crystalline anisotropies and g factor.
The results of the fitting using Eqs. ͑4͒ for the out-ofplane FMR measurements of the 20Au/ 15Fe/ GaAs͑001͒ sample are plotted in Fig. 5 in solid circles. The fitting parameters are given in the figure. The out-of-plane FMR allows one to determine the g factor. The calculations were done using g = 2.09 and led to a fairly good agreement with the measurements at all angles in the in-plane and out-ofplane geometries, and at all temperatures and frequencies. The temperature dependence of the magnetic anisotropies for the 20Au/ 15Fe/ GaAs͑100͒ and 30Au/ 15Fe/ GaAs͑001͒ samples is shown in Fig. 9͑a͒. 
Influence of the cap layer material
For the samples 20Cr/ 15Fe/ GaAs͑001͒ and 20Au/ 9Pd/ 16Fe/ GaAs͑001͒, the in-plane geometry measurements have shown a drastic decrease of the uniaxial component in the in-plane anisotropy, see Fig. 6͑a͒ . A near absence of the in-plane uniaxial anisotropy in these measurements indicates that the Cr cap layer results in an almost complete canceling of the uniaxial anisotropy induced by the GaAs substrate. At the same time the principal axis of the residual uniaxial anisotropy is rotated about 23°away from the original ͓110͔ direction corresponding to the GaAs/ 15Fe/ Au͑001͒ sample. This indicates that the presence of Cr overlayer resulted in two weak uniaxial in-plane anisotropies oriented along the ͓100͔ and ͓110͔ crystallographic directions. Another sample with a composite cap layer, 20Au/ 9Pd/ 16Fe/ GaAs͑001͒, revealed only a minor influence of the palladium interlayer on the magnetic anisotropy of the iron film ͓see Fig. 6͑b͒ and compare with Fig. 3͔ . However, the Fe film in 30Au/ 15Fe/ GaAs͑001͒ had a noticeably lower in-plane uniaxial anisotropy field than that in 20Au/ 15Fe/ GaAs͑001͒, showing again that the in-plane uniaxial anisotropy is dependent on the thickness of capping layer and is a complex property of the entire structure.
C. FMR in the double-layer samples
After measuring FMR in the single iron layers, we studied the spin-valve type, double-layer structures. Figure 7 shows temperature evolution of the in-plane FMR spectra for the 20Au/ 40Fe/ 40Au/ 15Fe/ GaAs͑001͒ sample. The data from the single-layer sample, 20Au/ 15Fe/ GaAs͑001͒, were used as a reference to identify the origin of the individual FMR peaks. The spectra in Fig. 7͑a͒ have been recorded along the easy ͓110͔ axis for the first, 15-ML-thick iron layer, and the spectra in Fig. 7͑b͒ have been recorded along the hard axis ͓110͔ of the first layer. The reference spectra from the 20Au/ 15Fe/ GaAs͑001͒ sample can be found in Figs. 2͑a͒ and 2͑b͒, respectively. In the measured temperature range from 5 to 291 K, three FMR absorption peaks were present for the spectra recorded at the ͓110͔ direction ͓Fig. 7͑a͔͒. As we do not expect any marked interlayer exchange coupling or magnetostatic interaction through the 40-ML-thick gold layer, the contribution of the first, 15-ML-thick iron layer to the multicomponent FMR spectra can be easily identified ͓see labeling in Figure 7͑a͔͒ by comparison with the measurements on the single-layer sample, Fig. 2͑a͒ . A double peak spectra ͑at higher magnetic fields͒ from the 40-ML-thick layer allow one to conclude that the ͓110͔ direction is a hard magnetic axis for this layer. A partly developed third peak at very small fields is observed only close to room temperature. One can see only its tail, and that was in agreement with the calculated FMR peaks, see Fig. 8 .
The fitting of the full angular dependence of FMR of the second 40 ML layer revealed that the hard axis of the uniaxial anisotropy term in the second, 40-ML-thick iron layer, is switched 90°with respect to the hard axis of that in the first, 15-ML-thick iron layer. The fitting parameters given in Fig. 8 have shown that the in-plane uniaxial anisotropy of the 40-ML-thick layer is drastically reduced and has the opposite sign compared with the first, 15-ML-thick iron layer.
The FMR spectra recorded along the ͓110͔ direction, see Fig. 7͑b͒ , show a four-peak structure in the main domain of temperatures. Three of them can be identified as a hard-axis spectra of the first, 15-ML-thick iron layer ͓see labeling in Fig. 7͑b͒ and compare with Fig. 2͑b͔͒ . As expected, the single-peak FMR spectrum of the 40-ML-thick layer clearly indicates that ͓110͔ is the magnetic easy axis.
D. Temperature dependence of the anisotropy fields and discussion of results
The temperature dependence of the magnetic anisotropies are shown in Fig. 9 . The effective magnetization M eff includes perpendicular anisotropy ͓see Eq. ͑1͔͒, and therefore M eff is reduced compared with the bulk magnetization ͓ϳ1.71 kG ͑Ref. 13͔͒ by ϳ400-500 G at RT for the single iron layer samples. The effective magnetization increased with decreasing temperature. The Curie temperature of bulk iron is about 980°C. Assuming that the 15-ML-thick Fe film has its Curie point close to 980°C, the saturation magnetization would have been increased only by ϳ64 G in the temperature range from 300 to 5 K. 13 Therefore, the observed decrease in M eff by ϳ300 G would require that the temperature dependence of M eff had to be caused mostly by the decreasing value of the perpendicular uniaxial field with decreasing temperature. The uniaxial perpendicular anisotropy at RT is inversely proportional to the film thickness and therefore it is reasonable to assume that it originates from the broken symmetry at the Fe/ GaAs͑001͒ and Au/ Fe͑001͒ interfaces, see Ref. sion, see Table I , can result in interface magnetoelastic contributions which can be responsible for the observed decrease of the uniaxial perpendicular anisotropy.
The values of the in-plane uniaxial and cubic anisotropies increase with decreasing temperature. The sign of the cubic anisotropy parameter is positive, making the principal crystalline directions ͗100͘ easy magnetic axes. For the uniaxial anisotropy K u Ͼ K 1 , the in-plane magnetic hard axis is along the ͓110͔ crystallographic direction. The in-plane fourfold uniaxial anisotropy does not show any surprises as a function of the film thickness. It decreases with decreasing film thickness due to the presence of the interface fourfold anisotropy which has an opposite sign to that of the bulk cubic anisotropy.
The most surprising behavior is found for the in-plane uniaxial anisotropy. It is interesting to point out complexities related to the in-plane uniaxial anisotropy in GaAs͑001͒ structures. 15 The origin of the large in-plane interface uniaxial anisotropy in GaAs/ Fe͑001͒ has so far not been clearly understood. The hard magnetic axis lies along the ͓110͔ crystallographic direction which is parallel to the dangling bonds of As terminated ͑2 ϫ 6͒ and pseudo-͑4 ϫ 6͒-reconstructed GaAs͑001͒ substrates. 3 However, Moosbühler et al. 16 have shown that the strength and sign of the in-plane uniaxial surface anisotropy are not affected by a particular reconstruction of the GaAs template. A genuine Ga-rich ͑4 ϫ 6͒ reconstruction results in almost the same uniaxial anisotropy as that observed in the ͑2 ϫ 6͒ As-rich reconstruction. Therefore, it is hard to believe that the source of this anisotropy lies in the chemical bonding between the dangling bonds of As and Fe. This point of view is further supported by our results using Cr͑001͒ overlayer. Cr͑001͒ layer grown over a 15-ML-thick Fe͑001͒ film can almost entirely remove the in-plane uniaxial anisotropy, see Fig.  6͑a͒ . The in-plane uniaxial anisotropy was also found to be dependent on the thickness of the capping Au layer in the 20, 30Au/ 15Fe/ GaAs͑001͒ structures, see Fig. 9͑a͒ . These results imply again that the interface chemistry alone between the As and Fe interface atoms cannot be the source of the in-plane anisotropy. There is about −1.5% misfit between lattice parameters of Fe, Au, and GaAs substrates. Fe films grown on GaAs͑001͒ are under a compressive strain. Calculations by Mirbt et al. 17 have suggested that an in-plane interface shear ͑of the order of 2%͒ can be established at the Fe/ GaAs͑001͒ structures. A significant in-plane lattice shear was observed by Xu et al. 19 in Fe/ InAs͑100͒ structures and Thomas et al. in relatively thick Fe films grown on GaAs͑001͒. 18 The in-plane shear can lead to an in-plane uniaxial anisotropy due to the magnetoelastic parameter B 2 ͑Ref. 20͒ with the uniaxial magnetic axis oriented along one of the ͗110͘ directions.
The in-plane uniaxial anisotropy in the 40Fe͑001͒ film surrounded by the Au͑001͒ layers ͓20Au/ 40Fe/ 40Au/ 15Fe/ GaAs͑001͔͒ changed the easy inplane uniaxial axis to ͓110͔. Au has a larger ͑001͒ square mesh than that of Fe͑001͒ by 0.9%. The GaAs͑001͒ mesh is smaller by 1.4% than that of Fe͑001͒, see Table I . The Fe film on GaAs͑001͒ is under contraction while Fe on Au͑001͒ is under tension. That can result in a reversal of the sign of interface shear in the 20Au/ 40Fe/ 40Au͑001͒ structure compared to that at the GaAs/ Fe͑001͒ interface. This would imply that for Fe/ Au͑001͒, the surface cell length of Fe along ͓110͔ would be larger than the surface cell length along ͓110͔. Magnetoelastic coupling in 20Au/ 40Fe/ 40Au͑001͒ can then lead to an interface uniaxial anisotropy with the easy axis along the ͓110͔ direction. The Cr͑001͒ square mesh is 1.7% larger than that of Fe͑001͒. This lattice mismatch is almost twice of that found in Fe/ Au͑001͒. Therefore, one can argue that the shear at the Fe/ Cr͑001͒ interface can be larger than that at the Fe/ Au͑001͒. It can be argued that the shear at the Fe/ Cr͑001͒ interface can result in a large enough in-plane uniaxial anisotropy compensating the in-plane uniaxial anisotropy from the GaAs/ Fe͑001͒ interface in agreement with our measurements on the 20Cr/ 15Fe/ GaAs͑001͒ sample, see Fig. 6͑a͒ . However, the in-plane uniaxial anisotropy was not changed by a Pd layer, see Fig. 6͑b͒ . The Pd square mesh is 4.6% smaller than that of Fe. Therefore, one can expect a larger in-plane uniaxial anisotropy in 20Au/ 9Pd/ 16Fe/ GaAs͑001͒ compared to that measured in Au/ Fe/ GaAs͑001͒. Only a marginal enhancement of 20% was found, see Figs. 6͑b͒ and 3. This can be caused by a large lattice mismatch between the Fe͑001͒ and Pd͑001͒ lattice meshes. Perhaps in this case the Pd square lattice mesh relaxes its strain right from the first atomic layer and consequently affects the interface shear only marginally.
It is interesting to note that all magnetic anisotropies were found linearly dependent on temperature within the experimental error, see Fig. 9 . The almost linear temperature dependence of the perpendicular uniaxial anisotropy has been observed also in Ref. 21 . This suggests that there could be common physical grounds behind this unified universal behavior. The strain between Fe͑001͒ and GaAs͑001͒ decreases by ϳ40% from RT to 4 K. This is an estimate based on using known thermal expansion coefficients for the bulk Fe, Au, and GaAs crystals, see Table I . The observed increase in the in-plane uniaxial anisotropy field by approximately 60% from RT to liquid He temperature, see Fig. 9 , suggests that the difference in the surface cell length along ͓110͔ and ͓110͔ closely followed the relaxation of stress with decreasing temperature. One may attribute the temperature dependence of the magnetic anisotropies to the temperature dependence of the magnetoelastic parameters B 1 and B 2 . This can be applicable to the in-plane and perpendicular uniaxial anisotropies. However, the same linear dependence on temperature was found also for the in-plane fourfold anisotropy, see Fig. 9 and yet there is no magnetoelastic term known for the fourfold magnetic anisotropy. 15 Therefore, it is unlikely that the temperature dependence of the magnetoelastic energy on its own can be a possible explanation for the observed linear dependence of the fourfold magnetic anisotropy on temperature, as shown in Fig. 9 .
V. CONCLUSION
We studied the magnetic anisotropies of epitaxial, crystalline ultrathin iron films grown on the surfacereconstructed ͑4 ϫ 6͒ GaAs͑001͒ substrate. The ferromagnetic resonance technique has been explored extensively to determine magnetic parameters of the studied films in the temperature range from 4 to 300 K. The triple-peak FMR spectra were observed, allowing an accurate extraction of magnetic anisotropies using computer simulations of the experimental data. The measured samples have shown strong perpendicular and in-plane uniaxial anisotropies in the Au/ Fe/ GaAs͑001͒ films. The fourfold in-plane anisotropy decreases with the film thickness due to a presence of the interface fourfold contribution which has an opposite sign to that of the bulk cubic anisotropy. The most surprising behavior is found for the in-plane uniaxial anisotropy induced by reconstruction of the GaAs substrate surface. It is argued that the in-plane uniaxial anisotropy in Au, Cr, Pd/ Fe/ GaAs͑001͒ and Au/ Fe/ Au/ Fe/ GaAs͑001͒ structures is more likely affected by the interface shear strain. The experiment shows that the Cr͑001͒ layer grown over a 15-ML-thick Fe͑001͒ film can almost entirely remove the in-plane uniaxial anisotropy. The fitting of the angular dependence of FMR of the double magnetic layer sample, 20Au/ 40Fe/ 40Au/ 15Fe/ GaAs͑001͒, revealed that the easy ͑hard͒ axis of the uniaxial anisotropy term in the second, 40-ML-thick iron layer is switched 90°with respect to the easy ͑hard͒ axis of the 15-ML-thick iron layer. It has been shown that the surface reconstruction of the GaAs substrate and various combination of materials in the multilayer structure can be used for tailoring of the magnetic anisotropies in spin-valve-like, double ferromagnetic layer structure.
